I. INTRODUCTION
The concept of cost benefit analysis leads directly to the use of visual performance (i.e., the speed or accuracy with which a visual task is performed) rather than derived metrics such as ESI or VL as the basic visibility related performance parameter.
The 1977 IES Design Committeeps recommended specification procedure 1 does not have visual performance in its formulation and hence will not lead to cost~effective general lighting designs. We discuss the direct calculation of average relative visual performance (RVP) and then present a reasonably accurate approximation which has significant advantages in speed and flexibility. Finally, we attempt to assess the conditions under which this procedure will provide useful information.
II. COST BENEFIT ANALYSIS AND VISIBILITY
The basic idea of cost~benefit analysis is to treat any decision as an investment decision and then to evaluate its cost effectiveness. Thus, a decision on how a building is to be lighted can be thought of as an investment decision. In a the investment must be cons:i.dered to have both a fixed cost, consi of the materials and installation costs 9 and an operation cost, consisting of both mainte·· nance and energy costs. By discounting the yearly operating costs and prorating the fixed costs of the installation over its expected life, a total annual cost can be calculated. Balanced against this cost is the discounted value of the benefits in an office or industr:i.al environment. The improved lighting is generally considered to provide benefits in the form of increased productivity. Since productivity has a very high value even small increases would pay for fairly major investments in the lighting.
The actual implementation of a cost benefit analysis is often not as straightforward as the foregoing description might seem to imply. In lighting design it is unfortunately very difficult to isolate and measure the effects of the specifiable aspects of a lighting system (e.g., footcandles, ESI, etc.) on productivity. Simple correlations are inadequate because of the lack of control over confounding variables such as work load, age, motivation, temperature. etc. Dealing with this problem has essentially shaped the direction of much of the recent vision research. The approach that has been used to get around this difficulty is to measure "visibility" and visual performance under laboratory conditions where confounding variables can be better controlled.
In these experiments, visibility is defined with respect to the "threshold" detection levels of a reference task and is measured by VL or ESI. The types of tasks that are examined in the visibility experiments have ranged from identifying the correct orientation of Landolt rings 2 to proof~reading checks or even performance scores on the Davis Reading Test3.
Visual performance for these experiments is generally considered to be some combination of and accuracy: attributes which determine real productivity for clerical or industrial tasks. The different experiments can be in common units by separating the visual and non~visual components of performance and then normalizing the visual component scores to their maximum values. The resulting relative visual performance (RVP) component can be fit as a function of visibil-· ity as measured by either ESI or VL (see section III). If visual per~ formance is the dominant rate limiting process in a real environment, and if the lighting does not influence product ty in any other manner, then changes in RVP, calculated from changes in visibility will be approximately proportional to changes in real productivity Thus, under these assumptions the cost effectiveness of a lighting system can be examined by analyzing the visibility under the lighting.
To determine the most cost effective lighting, the proportionality constant between RVP and actual ivity would have to be known. However, comparative judgements between different lighting systems can be made at a fixed RVP without knowing the proportionality constant. Furthermore, since RVP is a function of visibility, cost effectiveness comparisons can be made at a fixed visibility. Thus, a specification in ESI or VL makes sense in that one can expect that the RVP, and presum~ ably the productivity, will be the same under all lighting systems built to the specification. Choosing the best system is then simplified to choosing the cheapest system (in annual or life cycle dollars) since the benefits are identical for all the systems.
The situation is somewhat different when there is more than one value of visibility or RVP of interest. For instance, if there are several work locations in a room, then the total productivity should be approximately proportional to the sum or average of the RVPs of the locations. If the work locations in the room are unknown, then the expected value of productivity will be approximately proportional to the expected value of RVP, which is just the average of RVP over the working area.
However, as we show in sections III and IV, the spatial average values of visibility and visual performance are not as simply related as were the point values. In these sections we evaluate ESI and log 10 VL measurements in terms of how well they can be used to approximate the average value of RVP (RVP), and thus how well they can be used to judge relative cost effectiveness as a function of visibility.
III. VISUAL PERFORMANCE AND ESI
There are a number of semi-empirical expressions for the relation~ ship between relative visual performance, RVP, and visibility. The sim~ plest expression for this relationship has the form of the standard error function of statistics:
Y\tZif ~ro (1) In this equation. RVP is the relative visual performance, Y determines the slope of the fit, and is a function of c(, a fitted parameter which corrects for the intrinsic visual difficulty of the task:
y"" .187 + .22&:{ (2) and finally x is the logarithm of the visibility level:
RVP can be related to ESI via the relationship between VL and Esr4:
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In this equation the first factor C , is the "equivalent" contrast, eq which is the contrast of a reference target of equal visibility to the target of interest, The term in brackets is the contrast sensitivity (the inverse of the threshold contrast) of the reference task at the ESI of interest. In this term a and b are fitted constants (a=16.847, b"".4784), and p is the reflectivity of the task. The ESI is calculated from the background luminance, Lb' and the contrast rendition factor, CRF. A typical relationship between RVP and ESI is shown in figure 1 of
This RVP expression is fairly successful in fitting the results of detection visibility experiments.
To extend the fit to more general experiments it is necessary to correct for time spent on non~visual components of a task, such as motor response or cognition. An expression for relative performance, RP, that has been proposed for these more general experiments separates the fraction of the task that is visually related, v, from the non-visual fraction, (l~v):
Reference 2 graphs a number of different experiments against this func~ tion, and these graphs show that reasonable agreement is possible as long as visibility is not too low.
A more recent and complicated expression for RP presented in CIE 19/2 separates the visual components of the task into v:lsual sub~ processes each of which has the form of the RVP expression in • 1:
Thew. are proportions needed for each subprocess and the RVP. are the relattve performance rates for each visual subprocess. CIEJ19/2 gives the formulas for the~. and Y. for the RVP.. However it appears unlikely that existin~ perform~nce data is sufiiciently precise to war~ rent the use or allow the validation of this more complicated expres~ sion 5 • 6 .
The major deviations of the data from Eq. 5 are at low visibili~ ties.
However this problem arises because visual and non~visual com~ ponents are simply added. The non-visual component is a time, but the original experiments for RVP measured accuracies. Since the accuracies are measured for fixed exposure times, RVP also measures speed (inverse time) at fixed accuracy7. The two components can be combined in consistent units by adding times. It can be shown7 that this gives (7) Here v is the ratio of the minimum time required for the visual fraction of the task to the minimum total time for the task. Equation 7 gives zero performance at zero visibility while Eq. 5 6) give non~zero performance at this limit. The added terms in Eq. 6 allow a better fit near the low visiblity limit, but it still retains the i.ncons is tent addition of times and accuracies.
As a practical matter usually only relatively high visibilities and productivities are likely to be of interest to the lighting engineer. At high visibilities Eqs. 5 and 7 (and even 6) give almost the same results. In fact Eq. 5 is the first two terms of the Taylor~s expansion of Eq. 7 about RVP=1. Thus the major determinant of accuracy at high visibility is not the form of the RP Eq., but the specification of visi~ bility and the uncertainty in the relationship between RP and productivity.
The effective visibility is affected by viewing angle, tilt angle, orientation of subject and task, age of subject, type of task, glare, polarization, condition of the room, etc5,6. It is imprac~ tical to measure all these factors, and their effects are often not well understood?. Furthermore at high visibilities the assumption that RP is the dominant factor in productivity is likely to be poor. Changes in RP will be small, thus factors such as the fraction of time, F, spent on visual tasks, social pressure, or fatigue and comfort may be the dom~ inant factors in determining productivity. Since in general the influence of these factors is very poorly known uncertainties in the visibility-RP relationship will be relatively unimportant for realistic environments.
The calculations in this paper are based on Eqs. 1~5. We expect that the results will not be significantly different if Eq. 6 is used. The present calculations are noticeably easier and less time~consuming than calculations with Eq. 6.
Since Eq. 5 is linear in the relationship between RVP and RP we can calculate the average relative performance, RP, from the average relative visual performance, RVP (the bar represents the average). In prac~ tice we use the relationship
to estimate RVP. Here the RVPi are the RVP values at different locat:fons :fn the room and n is large. Actually the range of RVP. was small 1 - enough in our sample calculations that RVP could be used to calculate RP from Eq. 7, which is non-linear, with insignificant error (maximum .2%, typical .01%). However, the relationship between ESI and RVP is very non-linear and the spread in ESI is large; therefore there is no a priori reason to expect a simple relationship between the average value of RVP and simple parameters (such as the average) of the ESI distribu~ tion.
The Design Practice Committee of the IES appears to have partially recognized this problem in that their recommended procedure for ESI specification in general lighting does not use average ESI (ESI). Instead, the designer specifies a percentage of the work area that has at least the recommended ESI value for the work. A procedure is given for generating a grid of points over which ESI is calculated to deter~ mine percentile values of ESI. If this procedure produces an excessive number of points for calculation, a sampl procedure is used to esti~ mate the percentile values for the grid. The report recommends that a percentage work area criteria of at least 75% be used and gives examples of 85% to 95%. The higher values are used for "critical" or difficult tasks. Critical tasks are those which have a high economic return. The use of the sampling technique effectively raises the percentile crt~· teria.
In order to an 85% to 99% level of confidence that the room as a whole meets the percentile criteria, the sample must meet a higher percentile criteria. Thus, for example, to provide an 85% confi~ dence level that 75% of the locations in a room meet the criteria value requires that 80% of the points in a 100 point sample meet the criteria. Therefore the use of a 100 point sample in this case has effectively raised the percentile criteria level from 75% to 80%1. Tables 1 through 3 display the results of sample calculations of percentile ESI, and RVP values. These results illustrate some flaws in the percentile specification procedure. These sample results were cal~ culated from the data of examples I and II of the appendix of the Design Committee Report on the specification of ESI 1 . Table 1 gives ESI param~ eters and percentile ESI values for these distributions, It also lists the results for a simulated almost uniform ESI distribution to show how the percentile criteria procedure favors uniformity. Strictly as a matter of convenience the new almost uniform distribution was calculated by transforming the data x (x=ESI), for the west direction of example I, to give new data x' = 67.61 + .176x. This new data gives a nearly uni~ form distribution that might represent a luminous ceiling, Table 1 . startlingly low variation in RVP for easy tasks (~ low), The second is the stabil~ ity of relative RVP rankings for different installations with changes in ~.
In Table 3 we calculated the ESI levels that correspond to the RVP ----values at different values of~ (ESI(RVP~)), by substituting RVP into Eq. 1 and solving for ESI7. ESI(RVP~) is the visibility that corresponds to the average visual performance in the room, and can therefore be used to judge the relative performance of different light~ ing installations.
In the last two columns of the At the 9 percentile criteria the percentile values are from 113% to 194% lower than ESI(RVP~). By comparison, the percentile ESI values from the almost uniform distribution are only from 4% to 9% lower than the actual visibility.
All of the ESI values underestimate visibHity, indl.c.at~ ing that this specification procedure will result in hi.gher visibility than the IES tion for individual tasks. This is true even at the 75th percentile level which is supposed to be for easy non-critical tasks. For critical tasks (e.g., 95th percentile level) the variability in the ratio of ESI(RVP~) to percentile ESI values (see Table 3 ) shows that there is little relationship between the percentile ESI level and the actual visibility. Thus the percentile specification is not useful in ensuring good or optimal visibility for these critical tasks and is almost useless as a visibility based specification procedure. To be useful the specification must either give RVP directly or be closely related to it. In the next section we briefly discuss the direct calcu~ lation of RVP as a specification procedure and then present an approximation for RVP which has some advantages over the direct calcul~tion. We can derive an approximation to RVP by assuming that the distribution of log 10 VL values in a room is approximately normal 7 . This leads to a double normal integral that can be simplified to the following sin~ gle integral: (9) where (10) x is the mean of the log 10 vL distribution, and (11) where ~is the standard deviation of the log 10 vL distribution, and z is simply the variable of integration. If o<Y, we get a simpler approxima~ tion by assuming that -y .
Characteristics of the ESI Distributions
In fact if ~ is small both approximations will be fairly good even if the log 10 vL values are not very well fit by a normal distribution 7 . Eq. 9 has the same form as Eq. 1 and is again just the standard e.:,ror __ function of statistics. Thus, in this approximation the values x ~ log 10 vL and ~are determined and then RVP is determined for any~ by substituting the appropriate values into Eqs. 9, 10 and 11. Furthermore, from Eq. 4 we can see that the use of a different task with a different value of Ceq (Cpeq) merely adds a constant K to log 10 vL, where
The computation of log 10 v1 in a computer program such as Lumen II
should be no more difficult than the computation of ESI. Both are rela~ tively simple functions of the contrast rendi.tion factor, or CRF, and luminence 1, each evaluated at the point of the analysis. Furthermore, it should be easier to compute a mean and standard deviation of log 10 v1 than it is to compute and plot the distribution of ESI values.
As a guide to determining the likely accuracy of the procedure, we again analyzed the examples given by the Design Practice Committeeps report on specification procedures. Table 4 lists the parameters of the log 10 VL distributions for these examples. The parameters of the simulated distribution are also listed although the simulated distribution was not included in the error analysis. Table 5 presents an error analysis for the approximation given by Eqs. 9, 10 and 11. Columns one and two show that the error in estimating RVP was completely negligible over the range of ~ps tabulated. Spot checks for higher and lower ~'s gave similar results.
In order to achieve at least partial consistency with the presentation of the error for the percentile ESI procedure, we show in the third column the percentage error in ESI calculated from the above log 10 v1 approximation (ESI (calc)) relative to ESI calculated from the actual average relative visual performance, (ESI(RVP~)). Since RVP is relatively insensitive to changes in ESI, particularly for~ small (RVP -71) the error was less than 2% and the typical error when ~ > .5 was .1%, which is better precision than the original tabulation of ESI values. For comparison, in Table 3 we displayed the ratios of actual to computed ESI values in place of percentage errors because the errors were so large that the symmetry of the percentage error computed against the calculated and the actual values, respectively, had been lost. Table 4 reveals a fairly wide variation in value.
Examination of the values of ~ in
However, all of the values of~ are small with respect to Y so the approximation of ~t by Y (Eq. 12) is fairly good. Table 6 gives the error analysis for the approximation obtained ~y substituting Eq. 12 for Eq. 11. The error from this approximation in estimating RVP is up to ten to twenty times the error from the first approximation. Nevertheless it is probably still well within the preci~ sion of Eq. 1 as a fit of VL to the visual performance data. Again, the percentage error in estimating ESI is substantially larger than the pererror in RVP. Note, however that the maximum error of 13% is necessarily found under conditions where variations in ESI are relatively unimportant.
For more visually demanding conditions the error of estimation of ESI(RVP~) is less than 5%. These errors are still substantially smaller than the errors found using the percentile ESI approach.
As an aside, we note one more feature of this type of approxima~ tion.
The reduction of double Gaussian integrals to single integrals can be applied to simplify distributions in log 10 ceq that are approxi~ mately normal2,7, just as easily as it is applied to log 10 v1 distribu~ tions. 
V. INTERPRETATION AND CONCLUSIONS
We assume that RP is directly related to productivity, Pr, by the fraction of work, F, that is visually related:
An example of how RP varies with lighting conditions follows from Table  2 of section III. For easy tasks = .3) even major changes (2x) in ESI cause only .5% changes in RVP which should cause statistically insignificant changes in RP ((.5%). For more difficult tasks (~ 5%), the changes are more significant but the overall level of performance is substantially lower. In a case like this there are greater returns from modifying the task than from improving the lighting. Figure 1 shows a plot of how RVP varies with ESI at two levels of task difficulty. This is the same type of information available from Table 2 . To get a cost benefit curve requires detailed information on how the costs vary as a function of ESI and the level of the produc 7 tivity expected at RP=l. A set of four illustrative curves were derived for figure 2 by making assumptions about these parameters
We replaced ESI by footcandles on the horizontal axis by assuming that CRF could be made to equal one for all the systems (note that a CRF of one is higher than usual practice). The costs per resultant footcandle were assumed to be proportional to footcandles. A quick estimating guideS was used to estimate installation costs. Operating_ costs were calculated at the stated cost per Kwh by assuming 30 maintained lumens per watt delivered to the work surface. The costs per Kwh essentially span the costs that are likely.
Productivity was calculated by assuming an average of 100 square feet per worker, an output of $16,000 per year and values of v=.4 and F= 5 (see Eqs. 5 and 13). The resultant curves should be at least illustrative of how the benefits vary with increasing light levels. These curves confirm the trends shown in Table 2 . The most important criteria in productivity are again the intrinsic difficulty~. and the intrinsic contrast C , of the task. The most significant feature eq of these curves with respect to light level is their relative flatness near their maximums (note that there is a suppressed zero in these graphs so that relative changes are even smaller than shown). As we noted earlier the relationship between the RP function and actual pro~ ductivity is subject to major uncertainties. In addition, the future cost (and even availability) of electricity is very uncertain. When these uncertainties are coupled with the flatness of the net benefit curves near their optima, we find that the actual location of the optima for any installation is very uncertain.
This situation leads to a decision based on minimizing risks. For example, IES recommendations have traditionally been made in the form of minimum levels. This is a rational type of standard for a period chara~ terized by rising productivity and consistently falling electrical costs, since the cost of overlighting tends to be insignificant.
How~ ever, present electrical costs are rising and thus there is a substan~ tial cost (risk) in overlighting. In this situation maximum and minimum levels, or perhaps et levels, are more appropriate than just a specification of a minimum level. The GSA 10-30-50-70~100 standard is an example of this approach. In terms of the cost benefit curves, rising electrical costs imply that the lighting levels should be set lower than the optimal level as calculated at present electrical costs. The distinct knee of these curves as plotted provides a convenient visual cue as to how low light levels can be reasonably set.
The cost curves in figure 2 are as sensitive to the area that is lit per worker as they are to the cost of electricity. Thus another response to rising electrical prices is task lighting9.
The shape of the net benefit curve at high values of RVP is mostly dependent upon the cost per Kwh divided by the area lit per worker. Lighting a ten square foot area on a desk instead of a 100 square foot working area per worker is almost equiva}ent to going from the 10 cents per Kwh curve to the 1 cent per Kwh curve. Clearly the potential for considerably higher light levels, and thus higher performance levels, are attainable through task lighting.
General lighting can then be designed for aesthetics, com~ fort, or interest, since the visibility of easy tasks is almost guaranteed by meeting these criteria. In fact, as shown in figure 2 , a level of from 10 to 20 ESI, which at this level is almost equivalent to footcandles, provides adequate visibility for easy tasks. These types of lighting criteria may call upon the designer and architect10,11 more than the lighting engineer.
These illustrative es indicate that visibility should perhaps not be the criteria used for general lighting; that instead, visibility constraints can be potentially more cost effective when met by task lighting.
Section IV will be useful in helping managers to make inte1~ ligent decisions based on their present and predicted costs. The material in this section provides an example of how tpe RP and RVP functions can be used. It further points to information needed to predict meaningful cost effective lighting designs. In particular, F, the frac~ tion of tasks that are visibility dominated, is a major unknown. Further studies should be undertaken to improve its accuracy. 
